. Association of the hepatic IP3 receptor with the plasma membrane: relevance to mode of action. Am. J. Physiol. 265 (Cell Physiol. 34): Cl588 C1596, 1993.-Studies were carried out to characterize the interaction between inositol 1,4,5trisphosphate (IP,) receptors and the plasma membrane fraction. Extraction of the membranes with the nonionic detergents Nonidet P-40 and Triton X-100, followed by centrifugation at 100,000 g, resulted in the doubling of the IP3 receptor in the pellets, whereas no detectable binding was found in the supernatants. These data indicate that the detergents did not solubilize the receptor, that it remained associated with membrane particles, and that it is likely to be associated with the cytoskeleton. The cytoskeleton proteins actin, ankyrin, and spectrin were identified in the plasma membrane fraction. However, comparison of the amount of these proteins in different fractions of the detergent, or otherwise treated plasma membrane fractions, showed no direct correlation between the presence of any of these proteins in the plasma membrane fraction and their ability to bind [3H]IP3. This is in contrast to the brain and T-lymphoma cells in which the IP, receptor is attached to ankyrin
the hepatic IP3 receptor with the plasma membrane: relevance to mode of action. Am. J. Physiol. 265 (Cell Physiol. 34): Cl588 C1596, 1993.-Studies were carried out to characterize the interaction between inositol 1,4,5trisphosphate (IP,) receptors and the plasma membrane fraction. Extraction of the membranes with the nonionic detergents Nonidet P-40 and Triton X-100, followed by centrifugation at 100,000 g, resulted in the doubling of the IP3 receptor in the pellets, whereas no detectable binding was found in the supernatants. These data indicate that the detergents did not solubilize the receptor, that it remained associated with membrane particles, and that it is likely to be associated with the cytoskeleton. The cytoskeleton proteins actin, ankyrin, and spectrin were identified in the plasma membrane fraction. However, comparison of the amount of these proteins in different fractions of the detergent, or otherwise treated plasma membrane fractions, showed no direct correlation between the presence of any of these proteins in the plasma membrane fraction and their ability to bind [3H] IP3. This is in contrast to the brain and T-lymphoma cells in which the IP, receptor is attached to ankyrin (L. Y. W. Bourguigon, H. Jin, N. Iida, N. R. Brandt, and S. H. Zhang. J. BioZ. Chem. 268: 6477-6486,1993; and S. K. Joseph and S. Samanta. J. BioZ. Chem 268: 6477-6486, 1993) . Thus the hepatic IP3 receptor, which is different from the brain receptor, might attach to the cytoskeleton by anchoring to a different protein. Because cytochalasin D treatment of livers diminishes the ability of IP, to raise cytosolic free Ca 2+ levels, the attachment of the IP, receptor to the cytoskeleton seems to involve an association with microfilaments. liver; inositol 1,4,5-trisphosphate receptor; cytoskeleton; actin; ankyrin; spectrin IT IS GENERALLY RECOGNIZED that Ca2+ plays a pivotal role in many diverse, hormonally regulated processes, including hormonal effects on hepatic metabolism (27, 28) . The discovery that inositol 1,4,5trisphosphate (IP,) is the mediator of many hormonal effects on cellular Ca2+ sequestration led to extensive studies on its action in a variety of organisms and cell types (4). It was shown, for example, that IP3 levels in liver cells rapidly increase after the administration of the hormone vasopressin and that IP3 is capable both of releasingCa2+ from intracellular storage sites and of stimulating the entry of cellular Ca2+ into the cell. The intracellular storage site from which IP3 releases Ca2+ has characteristics compatible with those of the endoplasmic reticulum (31, 54, 64) . A hypothetical Ca2+ storage pool, which has not yet been isolated from the liver, named "calciosome", was also suggested to be the target of IP3 action (11) . It was also demonstrated that IP3 binds to a specific receptor of 260,000 M, (39, 44) . Studies with the purified receptor from brain and smooth muscle reconstituted into lipid bilayers indicate that the receptor can function as a Ca 2+ channel (10, 13, 35) .
A puzzling yet consistently reproducible finding is that, when the liver is homogenized and cell fractions are prepared from it by differential centrifugation, the IP3 binding sites are found in a fraction with enzyme markers localized in the plasma membrane. On the other hand, the endoplasmic reticulum-derived microsomal fraction possesses practically no high-affinity IP3 binding sites (9, 12, 17, 18, 44, 51, 53, 57, 59) . In variance is a recent report linking the IP3 receptor with calreticulin but also finding no correlation between endoplasmic reticulum markers and the IP3 receptor (11). The lack of IP, binding sites in the endoplasmic reticulum raises a question as to the mechanism by which IP3 releases Ca2+ from it. Namely, how does IP3 bring about the release of Ca2+ from an intracellular pool with no binding sites for IP3 ? This question was addressed in a recent study by Rossier et al. (57) . Their studies confirmed that the IP3 binding sites copurify with the plasma membrane fraction. Because the microfilament disrupting agent, cytochalasin B, increased the number of IP3 binding sites, Rossier and co-workers suggested that fragments of the IPs-sensitive Ca2+ storage organelle, containing high-affinity IP3 binding sites, are attached by microfilaments to the plasma membrane and bind IP3. Another, alternate explanation of their findings could be that the IP3 receptor is bound to the microfilaments directly. Numerous studies have shown that various cytoskeletal proteins anchor into the plasma membrane and copurify with it (8, 14, 38, 42, 46) . Moreover, recent studies indicate cytoskeletal attachment points for several transmembrane proteins (3, 32). An association between the IP3 receptor and the cytoskeleton in the adrenal cortex (18), in rat brain membranes and in T-lymphoma cells has been reported (5, 25). If, indeed, the IP3 receptor in the liver is associated with cytoskeletal elements, that could answer several unresolved questions concerning the mode of action of IP3. This possibility was examined in the present study.
MATERIALS AND METHODS
Animals. Male Sprague-Dawley rats, weighing 130-180 g, were used in all the experiments.
Materials.
[3H]IP3 was obtained from DuPont-New England Nuclear. Unlabeled IP3, Omnisorb, and rabbit anti-ankyrin (chicken erythrocytes) polyclonal antibody were obtained from Calbiochem, San Diego, CA. Dithiothreitol (DTT), benzamidine, phenylmethylsulfonyl fluoride (PMSF), aprotinin, vasopressin, cytochalasin D, tetracaine, glucose oxidase (Trinder) reagent, actin, Nonidet P-40 (NP-40), Triton X-100, and goat anti-rabbit immunoglobulin G (IgG) were obtained from Sigma Chemical, St. Louis, MO. Mouse anti-actin monoclonal antibody and goat anti-mouse IgG were obtained from ICN Biochemicals, Costa Mesa, CA. Rabbit antispectrin (chicken erythrocytes) polyclonal antibody was a gift from Dr. K. J. Angelides. Gelsolin was a gift from Dr. J. Bryan. All other reagents were of the highest obtainable purity.
Preparation of subcellular fractions.
Plasma membrane, smooth microsomal fraction, and mitochondria were obtained IP3 RECEPTOR AND CYTOSKELETON Cl589 as described previously (12). Nuclei were prepared as described by Nicotera et al. (41) . Solubilization of plasma membrane with detergent Nonidet P-40. Detergent solubilization was by the method of Mescher et al. (37) . Briefly, plasma membrane fraction was diluted to 1 mg/ml in homogenizing buffer (0.5 mM CaCl,, 1 mM NaHCO,, pH 7.5, 1 mM DTT, 0.8 mM benzamidine, 0.2 mM PMSF, 0.5 pg/ml aprotinin) and then 1% NP-40, dissolved in the same buffer, was added. The detergent-to-protein ratio was lO:l, and final protein concentration was 0.5 mg/ml. The samples were incubated on ice for 20 min with frequent vortexing and then centrifuged for 45 min at 100,000 g. After centrifugation, the supernatant was removed and the pellet was resuspended in the above buffer. The supernatant was concentrated by using Centricon-30 microconcentrators (Amicon). Schroeder and Otto (58) . In short, gelsolin (5 PM) was incubated with the plasma membrane in a buffer containing (in mM) 50 KCl, 0.3 CaCl,, 0.2 ethylene glycol-bis(P-aminoethyl ether)-N,N,N',N'-tetraacetic acid, 1 MgC12, and 20 N-2-hydroxyethylpiperzine-N'-2-ethanesulfonic acid, pH 7.4. The incubation was carried out at room temperature for 15 min. At the end of the incubation the vesicles were centrifuged down at 1,000 g for 30 min. The pellet was washed twice and resuspended in the appropriate solutions for either the subsequent binding assay or for the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Treatment
of plasma membrane fraction with alkaline pH.
The method described by Hubbard and Ma (21) was followed.
SDS-PAGE
and Western blot analysis. SDS-PAGE was performed as described by Laemmli (29) . The protein samples were run on 10% separating gel using a 5% stacking gel for actin or 6% separating gel with a 3% stacking gel for ankyrin and spectrin. Subsequently, the gels were stained with Coomassie blue. For the Western blot, the subcellular fractions were applied to SDS-PAGE gels and electrophoretically transferred to nitrocellulose papers. For immunostaining, the blots were incubated for 30 min in Tween 20-phosphate-buffered saline (TPBS, 0.05% Tween 20 in PBS) and then incubated with primary antibodies. For actin, mouse anti-actin monoclonal antibody was diluted to 1:500 in TPBS containing 0.1% bovine serum albumin (BSA) and 0.1% NaN, and incubated for 1 h at room temperature on a rocker apparatus. For ankyrin and spectrin, rabbit anti-ankyrin polyclonal antibody and rabbit anti-spectrin polyclonal antibody were diluted in the same buffer in a ratio of I:50 and incubated for 2 h at room temperature. After washing three times with TPBS, the blots were incubated with secondary antibodies (goat anti-mouse IgG for actin and goat anti-rabbit IgG for ankyrin and spectrin; horseradish peroxidase conjugate, 1:1,500 dilution in TPBS containing 0.1% BSA) for 1 h. The blots were washed three times with PBS and incubated in a color development reagent (10 ml PBS, 2 ml methanol containing 0.3% 4-chloro-1-naphthol, 8 ~1 of 30% H202) for l-10 min. Subsequent washes were in distilled H,O.
Measurement of actin content in the gels was done using whole band densitometry software running on a SPARC station IPC (Sun Microsystems, Mountain View, CA) equipped with an image analysis system (BioImage, Ann Arbor, MI). To quantitate the protein bands in Western blot, the immunoblot was photographed, and the resulting negative image was analyzed using whole band densitometry software as described above.
Immunodepletion of actin. Triton X-lOO-soluble fraction (low-speed supernatant) was divided into four test tubes (0.6 ml/tube): control 1, control 2, experiment 1, and experiment 2. Mouse monoclonal anti-actin antibody was added to experimental tubes (expt 1, 1:200 dilution; expt 2, 1:lOO dilution). All the test tubes were incubated for 2 h on ice. To all the test tubes except control 1, 200 ~1 washed Omnisorb were added, and to control 1, 200 ~1 Omnisorb washing buffer [l% Triton X-100,20 mM tris(hydroxymethyl)aminomethane hydrochloride, pH 68, 150 mM NaCl, and 0.5% aprotinin] were added. Incubation was continued for another hour on ice. Subsequently, the tubes were centrifuged for 20 s in a microfuge. The supernatants were applied for IP3 binding and Western blot analysis. PH]IP, bind ing. Binding of IP3 to the different subcellular fractions was assayed as described previously (12), with the exception that, where indicated, 1 mM CaCl, was also included in the incubation medium.
Binding of IP3 to detergent-solubilized fractions was determined by polyethylene glycol (PEG) precipitation assay. Aliquots of the solubilized fraction were incubated under the same conditions as the plasma membrane samples. At the end of the incubation period the protein in the incubation medium was precipitated by adding y-globulin to a final concentration of 0.045% and PEG to a final concentration of 18%. After an additional 7-min incubation, the samples were centrifuged for 10 min at 12,000 g. The supernatants were removed, and the pellets were washed twice with 8.5% PEG in the incubation buffer. The radioactivity in the pellet was determined after solubilization in 0.1 ml 1% SDS by the scintillation method.
IP, assay. Liver IP3 level was measured by a modified radioreceptor assay, available from Amersham (Arlington Heights, IL).
Measurement of oxygen uptake. The uptake of oxygen in perfused liver was measured at room temperature (20°C) essentially as described previously (49). Perfusate oxygen content was monitored by a Clark-type oxygen electrode attached to a YSI model 53 oxygen monitor and a recorder. 0, uptake was calculated as the difference between the influent and effluent 0, content. Air-saturated water was used as standard. To express the 0, uptake per gram liver, the rats were weighed, and the liver weight was taken for 4 g in a 100-g rat. Fed rats were used in the experiments. Livers were perfused in the regular Krebs Ringer bicarbonate (KRB) containing 10 mM glucose with or without 10s5 M cytochalasin D. The same amount of dimethyl sulfoxide that the cytochalasin D was dissolved in was included in all the experiments. After 60 min perfusion, 10sg M vasopressin was added to the liver. Fifteen minutes later, liver samples were frozen in liquid N, and stored at -80°C. These frozen samples were used for glycogen phosphorylase a activity determination.
Glycogen phosphorylase a activity. The frozen liver samples were pulverized under liquid N, and homogenized in a buffer recommended by Hutson et al. (24) . The enzyme activity was measured according to Hue et al. (22) , with the exception that Pi determination was done by the method of Lanzetta et al. (30) . Measurement of gluconeogenesis in the perfused liuer. Livers from overnight fasted rats were perfused in situ at 32°C as described previously (49). In short, livers were perfused with regular KRB containing 4% BSA for 60 min. An aliquot of the perfusate was taken and substrates (to give a final concentration of 10 mM sodium lactate and 1 mM sodium pyruvate) were added to the reservoir. This served as control. In the experiments the test agents were also added. After perfusion of the liver for an additional 60 min, aliquots of the perfusate were
Cl590
IPs RECEPTOR AND CYTOSKELETON taken, and glucose concentrations were measured. The differences in perfusate glucose content between 60 and 120 min were taken for the calculations of the rate of gluconeogenesis.
Determination of protein concentration.
Because all the fractions contained 1 mM DTT, the protein content was determined according to the method of Hill and Straka (20) .
Statistical analysis. The data were analyzed by the paired t test using a computer program (Primer Biostatistics: The Program).
RESULTS AND DISCUSSION
The binding of [3H]IP3 to four, isolated subcellular liver fractions is presented in Fig. 1 . As reported in numerous previous studies (references listed in the introdution), the plasma membrane fraction contains the highest number of IP3 binding sites, followed by the nuclei. The nuclear fraction in this study was prepared as described by Nicotera et al. (41), who stated that it contained ~5% contamination with plasma membrane. The high density of IP3 binding sites in the nuclei supports the notion that IP3 might play a role in nuclear Ca2+ homeostasis (34, 41) . The small amount of IP3 binding sites present in the smooth endoplasmic reticulum and mitochondrial fractions is likely due to the contamination of those fractions with plasma membrane (12).
To test whether or not the IP3 binding sites are associated with the cytoskeleton, isolated plasma membrane fractions were treated with the nonionic detergent, NP-40. This kind of treatment reportedly dissolves membrane proteins and leads to a fraction enriched in cytoskeletal proteins (37). The protein profile of the plasma membrane fraction before and after detergent extraction is shown in Fig. 24 . The plasma membrane fraction (lane 1) contains a band corresponding to actin. The relative intensity of this band was measured using whole band densitometry as described in the MATERIALS AND METH-ODS section. Whole band densitometry of the protein profile in Fig. 2A indicates that, after NP-40 extraction, an increase in membrane actin content was obtained. The actin content in this preparation of plasma membrane corresponded to 15%, in the NP-40 pellet to 27%, and in the NP-40 supernatant to 6% of the total protein. In Fig.  2B , the Western blot analysis shows similar enrichment in actin content. Thus extraction of plasma membrane with NP-40 is effective in producing an actin-enriched preparation. This indicates an enrichment of the preparation in cytoskeletal proteins. SDS-polyacrylamide gel electrophoresis (PAGE) was run on a 10% gel. Protein samples were 15 pg/ lane. Lanes: 1, plasma membranes; 2 and 4, actin standard; 3, NP-40 pellet; 5, NP-40 supernatant. B: Western blot analysis of same fractions.
In Table 1 , the correlation between actin content of various fractions and their ability to bind [3H]IP3 is presented. Antibody-protein interactions were visualized with peroxidase-conjugated secondary antibody. To compare the relative intensities of the detected bands, the immunoblot was photographed, and the resulting negative image was analyzed as described in MATERIALS AND METHODS. Linear regression analysis of the data gave an r value of 0.96, which indicates a strong correlation between actin content of the preparation and its ability to bind IP3.
Based on numerous studies (8, 14,38,42,46), the actin is derived from the microfilaments attached to the plasma membranes. However, as described by Tranter et al. (69, the interaction between actin and the hepatic plasma membrane exhibits a number of distinctive features that have not been observed in other actin-membrane systems. Thus the actin is neither F-nor G-actin and has unique characteristics.
The nuclear fraction also has a band corresponding to actin (results not shown), which comprises 11% of the total protein; this value may be misleadingly high, because the scanner did not distinguish well enough between the individual components of the double band migrating parallel to actin. Western blot analysis of the same fractions, using anti-actin antibody, reveals a similar pattern.
In addition to extraction with the detergent NP-40, it has been demonstrated that extraction of cells with the detergent Triton X-100 also brings about enrichment of the pellet in cytoskeletal proteins (42). Because this detergent was reported to be effective in the solubilization of the IP3 receptor in purification procedures (33, 40) , it seemed desirable to examine the effects of extraction by this detergent on the distribution of IP3 binding sites. After extraction of the membranes with the detergents, low-speed and high-speed centrifugation were employed to obtain a pellet, as described in MATERIALS AND METH-ODS. The results are presented in Table 2 and Fig. 3 . Low-speed centrifugation of the detergent-treated fraction resulted in a pellet enriched in actin, with a loss of actin from the supernatant (Fig. 3, A and B) . Indeed, surprisingly, centrifugation at low speed and at high speed resulted in similar enrichments and losses of actin in the pellets and supernatants, respectively ( Table 2) . The low-speed centrifugation employed in this study is the same speed employed to sediment the plasma membrane fraction and it seems to be sufficient to also sediment the detergent-extracted membrane. Low-speed centrifugation results in C3H]IP3 binding both in the supernatant and in the pellet (Table 2) . However, when high-speed centrifugation was employed at a speed known to sediment the cytoskeleton, there was an enrichment of binding in the pellet, whereas no binding sites were detectable in the supernatant. of the data is that the receptor is associated with, and therefore sediments together with, the cytoskeleton. However, a dissociation between actin content of the fractions and [3H]IP3 binding is evident (Table 2 and Fig. 3, A and B) . Western blot analysis was also carried out with antiankyrin and anti-spectrin antibodies (Fig. 3, C and 0 ). These two proteins are known components of the cytoskeleton (3). Attachments of plasma membrane proteins to ankyrin are well demonstrated. For instance, the voltage-dependent sodium channel from the brain (62) and the gastric parietal H+-K+-ATPase (61) were shown to be associated with ankyrin. In a recent study by Joseph and Samanta (25) , it was suggested that the brain IP3 receptor is attached to ankyrin. High-affinity binding between ankyrin and the IP3 receptor of mouse T-lymphoma cells was also reported (5). In this latter cell type the IP3 receptor is similar to the brain receptor.
The characteristic bands of ankyrin and spectrin are present in the upper bands (Fig. 3, C and D) . The lower bands are likely to be breakdown products of these proteins (61). Examination of lanes 3 and 5 in Fig. 3C , which corresponds to the low-speed and high-speed supernatant, respectively, show little or no ankyrin at all in either fracti .on. Yet the low-speed supernatant has IP3 binding sites, wherea .s the high-speed superna tant has none. These would argue against the association of the hepatic receptor with ankyrin. There is somewhat more spectrin in the low-speed than in the high-speed supernatant (Fig.  30 ) but no clear difference is seen between the low-speed and high-speed pellets spectrin content. However, the hepatic receptor is a different isoform of the receptor from that of the brain because antibodies against the purified brain receptor provided by Drs. A. F. Lai and T. Sudhof did not interact with the hepatic receptor (N. Kraus-Friedmann, unpublished data). Thus the hepatic receptor might have different attachment points than the brain receptor.
As with ankyrin and spectrin, the data in Fig. 3 indicate a lack of direct correlation between the amount of actin present in a fraction and its ability to bind [3H]IPs. However, because of th .e uni .que nature 0 f the hepatic actin (65) and a report that cytochalasin B treatment increases IP3 binding sites (57), a further examination of the possible connection between actin and IP, binding sites seemed to be desirable. To test the association between the IPs receptor and actin, experiments were carried out in which the actin content of the plasma membrane fraction was altered, and the consequences of these changes on [3H]IPs binding capacity was followed. In addition, the consequences of disrupting the cellular microfilament network by cytochalasin D treatment on the metabolic responses to vasopressin were measured. Cytochalasins were shown to interact directly with actin, thereby disrupting microfilaments (45).
Actin content of plasma membrane was altered by incubation with gelsolin. Gelsolin is an actin-severing and capping protein, which is likely to play an important role in actin polymerization (67, 68) . The effects of gelsolin treatment are presented in Fig. 4 and Table 3. In Fig. 4 the added gelsolin is clearly visible in the samples (lanes 2, 4, and 6). In the same samples the actin content is decreased to almost one-half the original amount. This indicates that gelsolin is an effective tool to remove bound actin from the plasma membrane fraction. Western blot analysis showed similar decline in the actin content of the plasma membrane fraction. According to studies by Tranter et al. (65) , the characteristics of actin bound to liver cell plasma membrane are different from the characteristics of either F-or G-actin. Nevertheless, the loss of >50% of actin by gelsolin treatment indicates that gelsolin might have shortened filaments attached to the membrane. However, this loss of actin was not associated with loss of [3H]IPs binding (Table 3) .
[3H]IPs binding in these experiments was measured in two ways: in the presence and in the absence of Ca2+ because of a report that Ca2+ increases the affinity of the receptor for IPs (56). Indeed, Ca2+ increased [3H]IP3 binding twofold; however, binding of [3H]IP3 was not changed by gelsolin treatment either in the presence or in the absence of Ca2+. These results could be interpreted as evidence that the IP3 receptor does not bind to actin. However, because -50% of the actin amount originally bound to the membrane was left on the membrane after gelsolin treatment, the possibility that the IP3 receptor is bound only to actin tightly associated with the membrane cannot be excluded.
Alkaline .treatment of membranes was also shown to affect its actin content (21). Exposure of plasma membrane fraction to alkaline pH was not effective in either changing its actin content or binding capacity (Table 3) . A short and mild treatment was only employed because alkaline pH seems to cause a loss of several membrane proteins (results not shown).
To test the effect of cytochalasins, livers were perfused with cytochalasin D and the plasma membrane fraction was isolated subsequently from these perfused livers. Actin content of the membrane fraction and its ability to bind [3H]IPs is presented in Table 3 .
Unexpectedly, plasma membrane fraction prepared from livers perfused with cytochalasin D did not possess less actin than plasma membrane prepared from livers perfused without cytochalasin D. This indicates that cytochalasin D does not act on the cortical filaments close to the plasma membrane, but on the filaments spanning the cytosolic space. Quantitation of the actin band in SDS gel (Table 3) clearly expressed when measured in the absence of Ca2+. The most likely reason for this increase in IPs binding sites is the role that microfilaments play in receptor cycling (16). Thus perfusion of the liver with cytochalasin D is likely to prevent IPe receptor cycling, resulting in an increase in the number of receptors at the plasma membrane. The increase in the number of binding sites is pronounced and not associated with changes in actin content.
Immunodepletion of actin from Triton X-lOO-solubilized fractions was also carried out (results not shown). The actin antibody interaction resulted in some loss of actin. The long incubation on ice, in the presence of Triton X-100, greatly reduced [3H]IP3 binding in these experiments. However, no difference was found between the control and experimental samples.
In summary, treatment of the membranes in ways that resulted in changes in its actin content was not associated with corresponding changes in [3H]IP3 binding. The most straightforward interpretation of these data is that the IP3 receptor is not associated directly with actin. Further experiments with the purified receptor are needed for the identification of the cytoskeletal attachment point of the hepatic receptor.
Even if not directly attached to actin, the IP, receptor might indirectly be connected to microfilaments (32). To explore the possibility that the microfilaments are intimately involved in IP, action, we employed the microfilament-disrupting agent, cytochalasin D, as a tool to explore the possible connection between microfilaments and IP, action. Vasopressin was employed because of its known stimulatory effect on IP3 formation. First, the effect of cytochalasin D treatment on the vasopressininduced increases in IP, level was measured. The results show that cytochalasin D did not inhibit IP3 formation: control, 15 + 01; vasopressin, 116 f 26; and vasopressin plus cytochalasin D, 93 + 16 pmol IP3/g liver. A lack of effect of cytochalasin D on IP3 formation was reported in several other systems also (23, 63, 69) . Having established that vasopressin is able to elevate IP3 levels in the presence of cytochalasin D, we then investigated the consequences of microfilament disruption on the ability of vasopressin to evoke changes in metabolism (Table 4) . Cytochalasin D treatment completely blocked the ability of vasopressin to activate glycogen phosphorylase. Because the activation of glycogen phosphorylase is due to increases in the cytosolic-free Ca2+ level (2), this result indicates an impairment in the ability of vasopressin to increase cytosolic-free Ca 2+ levels in the cytochalasin Dtreated livers. Two additional metabolic parameters were measured: stimulation of gluconeogenesis and O2 uptake. The responses to vasopressin were decreased by 50%. These data demonstrate that the ability of vasopressin to activate glycogen phosphorylase, O2 uptake, and gluconeogenesis may be related to the assembly state of the microfilament network with which the IP3 receptor appears to be associated. Thus disruption of the microfilaments might prevent IP3 from fully increasing cytosolic free Ca2+ levels
To gain further insight into the possible mechanism by which IP3 releases Ca 2+, the effects of tetracaine, a local anesthetic, on the vasopressin-induced changes on metabolism were measured. Tetracaine was shown in a previous study to inhibit IP3-induced Ca2+ release in brain microsomes, although it did not inhibit IP3 binding (47) .
Also, in liver fractions, tetracaine had no effect on IP3 binding (12) . Therefore, we measured the effects on tetracaine on the vasopressin stimulation of O2 uptake and the activation of glycogen phosphorylase. Vasopressin stimulation of O2 uptake is likely to be a reflection of IP3-induced changes in Ca2+ sequestration (36). TetraCaine (1 mM) completely blocked the stimulation of respiration and the activation of glycogen phosphorylase by a maximally effective dose of vasopressin (1 nM) ( Table  4) *The fact that tetracaine blocks IP,-induced Ca2+ release both in the brain and liver, but not the binding of the IP3 itself, is difficult to reconcile with the idea that IP3 binds to, and directly causes, Ca2+ release from intracellular stores. The data obtained with tetracaine in conjunction with the fact that the IP3 binding sites are localized in the plasma membrane fraction could indicate that additional factors are involved in the process. It is our working hypothesis that the additional factor might be the high-affinity ryanodine binding site shown to be in the liver microsomal fraction. The ryanodine receptor in the liver is structurally different from the cardiac skeletal muscle receptors but also modifies Ca2+ sequestration (1, 49, 60) . These high-affinity ryanodine binding sites in the liver are present in the endoplasmic reticulum, a likely organelle for Ca 2+ storage According to recent studies by Kijima et al. (26) , the localization of the IP3 receptor is in the intercalated discs of cardiac cells, whereas the ryanodine receptor is located at the terminal cisternae of the sarcoplasmic reticulum. Thus the localization of these two receptors shows similarities between the heart and the liver. The binding of ryanodine is inhibited by tetraCaine both in liver and muscle (12, 56) . These findings raise the possibility that IP3 releases Ca2+ by binding to the receptor that is anchored and activates the microfilaments. Relevant to this suggestion are recent studies that reported the association of phospholipase C and of several kinases involved in inositol lipid metabolism with actin filaments (15, 48, 69) . Ca2+ release could occur as a consequence of IP3 binding to the cytoskeleton-associated receptor, through the ryanodine sensitive channels present in the endoplasmic reticulum, and activated by a mechanism that might involve mechanical transduction. An example of such a mechanism might be the actin regulation of Na+ channel activity in epithelial cells (7). The IPS receptor was shown to possess Ca2+-channel activity (10, 13, 35) . In the proposed scheme, this activity would be relevant to the influx of Ca2+, which is invariably observed in the liver various hormones which of following the administration increase IP3 levels (4, 27) . This interpretation of the data reconciles many seemingly conflicting observations, namely, the localization of IP3 binding sites in the plasma membrane-cytoskeletal fraction; that cytochalasin D, which disrupts the microfilaments, decreases the metabolic responses to vasopressin; and that tetracaine, which does not inhibit IP3 binding, but inhibits ryanodine binding, inhibits IPs-induced Ca2+ release both in the liver and the brain. This interpretation might also be relevant to the observation that the caffeine, which has no effect on IP3 binding but is an effector of the ryanodine-sensitive Ca2+ channel, affects IP,-induced Ca2+ release in rat cerebellum (6). However, other possibilities cannot be excluded. In chromaffin IP3 RECEPTOR AND CYTOSKELETON Cl595 cells, two distinct Ca2+ -storage pools, one responsive to caffeine and the other to IP3, were described (55). The inhibitory effects of tetracaine on IP,-induced Ca2+ release might be due to effects other than its interaction with the ryanodine receptor. The presented data demonstrate only the association of the IP3 receptor with the cytoskeleton and the involvement of microfilaments in the Ca2+ release process.
The suggested central role for the cytoskeleton in the IP,-induced Ca2+ release might also be relevant to the so-called "capacitative" entry theory, namely, the observation that emptying the intracellular storage pool is followed by increased Ca2+ entry through the plasma membrane (54) . The web of microfilaments might transduce the signal from the storage pool to the plasma membrane. It also might transduce signals to the nuclei that possess an IP,-sensitive Ca2+ pool (41) . The nucleus is especially rich in cytoskeletal attachment points (8, 14, 38, 42, 46) . A role for the cytoskeleton in a variety of hormonally regulated processes has been previously suggested (19, 50) . The data presented in this study suggest a mechanistic basis that could account for and explain some of the previous observations.
